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We investigate the effects arising out of the El — E2 interference in the Coulomb dissociation of 
*B at beam energies below and around 50 MeV/nucleon. The theory has been formulated within 
a first order semiclassical scheme of Coulomb excitation, in which both the ground state and the 
continuum state wave functions of *B enter as inputs. We find that the magnitude of the interference 
could be large in some cases. However, there are some specific observables which are free from the 
effects of the El — E2 interference, which is independent of the models used to describe the structure 
of *B. This will be useful for the analysis of the breakup data in relation to the extraction of the 
astrophysical factor 517(0). 

PACS numbers: 25.60.-t, 25.70.De, 25.40.Lw 



I. INTRODUCTION 

The Coulomb dissociation (CD) method provides an 
alternate indirect way to determine the cross sections for 
the radiative capture reaction ^Be (p, 7) *B at low rela- 
tive energies [0 , which is a key reaction of the p — p chain 
through which energy is generated in the sun. The rate 
of this reaction is the most uncertain nuclear input to the 
standard solar model calculations ||], which affects the 
high energy solar neutrino flux and bears significantly on 
the solar neutrino problem. The CD method reverses the 
radiative capture by the dissociation of a projectile (the 
fused system) in the Coulomb field of a target, by making 
the assumption that nuclei do not interact strongly and 
the electromagnetic excitation process is dominated by a 
single multipolarity j^]. Therefore, one has to pin down 
a kinematical domain where breakup cross sections due 
to different multipolarities {El and E2) can be clearly 
separated from each other. At the same time, it is also 
necessary to investigate the importance of the El — E2 
interference effects which has not been considered so far 
in most of the analyses of the Coulomb dissociation data 
of *^B. 

The magnitudes of the El — E2 interference cross sec- 
tions could be appreciable for certain observables in the 
Coulomb dissociation of ^B. It was shown in Refs. [^J2l| 
that the dissociation of ®B around 45 MeV/nucleon beam 
energy is dominated by El transitions but the interfer- 
ence with E2 amplitudes produces large asymmetries in 
the angular and momentum distributions of the breakup 
fragments. This fact has been used in a recent measure- 
ment of the parallel momentum distribution of the ''Be 
fragment resulting from the breakup of '^B on a Pb target 
at 44 MeV/nucleon beam energy to put constraint on the 
contributions of the E2 component in the breakup of ^B 

i- . 

In this paper, our aim is to investigate the role of 
the El — E2 interference effects in the analysis of the 
Coulomb dissociation data at beam energies 25.8 MeV at 



Notre Dame [|| and around 50 MeV/nucleon measured at 
RIKEN We would hke to examine the importance 

of the interference effects in different cases and try to see 
whether they could be really absent in the above data. 
To this end, we have developed a first order semiclassical 
theory for the electromagnetic excitation of a composite 
nucleus leading to continuum final states which allows 
to estimate the El and E2 breakup contributions sepa- 
rately as well as their interference. Our formulation is 
different from that of Refs. 21| in the sense that we 
do not assume straight line trajectories for the motion of 
the projectile in the Coulomb field of the target nucleus. 
Our theory is closer to that of Baur and Weber |^ where 
triple differential cross sections with respect to the rel- 
ative and centre of mass (cm.) angles and energies of 
the fragments are determined. However, we have used a 
more general coupling scheme of angular momenta and 
spins than those in Ref. 

We organize the paper as follows. The theoretical for- 
malism has been described in section 2. We describe the 
structure model adopted for ^B in section 3. The results 
and discussions on them are presented in section 4. Fi- 
nally, the summary and conclusions are given in section 
5. 



II. FORMALISM 



We consider the following reaction 



A 



A, 



(1) 



in which the composite projectile a(= c + v) breaks up 
into a core c and a valence particle v in the Coulomb 
field of the target nucleus A which remains in the ground 
state (elastic breakup). We consider electric transitions 
of dipole and quadrupole types only. It is to be noted that 
the Ml transition contribution is small for the reactions 
considered here at beam energies <52 McV/nucleon pOj. 
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In the initial channel, for given spins Sc, and Sy. of the 
core and valence particles, the projectile wave function is 



hMi 



(2) 



In the above, h is the orbital angular momentum of the; 
valence particle relative to the core and /j is the total 
spin of the projectile in its ground state with projection 
Mj. x's arc the spin wave functions of the core and the 
valence particle. 
More explicitly 



^/.M.(rl = [ Yl (-1) 
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In the above, m;, is the projection of k. 
For the final channel, the wave function is 
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where is the wave vector associated with the relative 
motion between the two fragments in the continuum. If 
is the orbital angular momentum for the core- valence rel- 
ative motion and If is the total spin of the c + v system 
in the final channel. 

We assume that the electromagnetic multipole opera- 
tors act only on the relative motion variables of the sys- 
tem. This leads to the following conditions: = Scf = 
Sc, s^, = = Sy and = m' , m^,^ = m'y^. 

Now we define a reduced matrix element of 
the multipole operator M{El,m){= [Zce{^y + 



{—ly Zye{^y]r^Yirn{r) with multipolarity I having pro- 
jection m) between the final and the initial state: 

(( £,,s,)/, \\M{El) II {Lfs,)l f) = i-iy^ 
{2li + l)i2lf + l){2l + l) ( U I If 
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In Eq.(5), Zi{i = c,v) is the charge of the ith fragment 
and Aj{j = c, v, A) is the mass number of the jth. partcle. 

With this definition, the matrix element of the multi- 
pole operator is given by 

__ ^ ^ ^_-^-^-m,.+Li+2Lf+3s^+3s^-Mi-ML^ 

X (-l)-</-'^V(2i* + 1)(2/* + 1)(2L/ + 1) 
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The expression for the triple differential cross section 
for the above electromagnetic breakup process in the inci- 
dent beam coordinate system (the spins are not observed) 
is given by 



da" 



-p{E,y)P{k), 



(7) 



. el 

where — is the Rutherford scattering cross section and 
p{Ecy) is the density of final states at relative energy Ecy. 
P(k), obtained from the matrix element in Eq.(6) above, 
is associated with the probability that the two fragments 
are scattered in the final channel with relative motion 
wave vector k. We expand it in terms of the spherical 
harmonic YLM(k). It is given by 



P(k) =^^iMlLM(k), 



(8) 
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where 
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Alm = 
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angular momentum of the valence particle with respect 
to the core is coupled to the sum of the spins of c and v 
both in the initial and the final channel. 

We note that integration over the solid angle associated 
with the relative motion of the fragments gives 
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In Eq.(9), TZ is half the distance of closest approach in 
a head-on collision and ^ is the adiabaticity parameter, 
given as the ratio of the collision time and the excitation 
time, fmn's are the Wigner D-functions and 9cm is the 
scattering angle of the cm. of the projectile. Za is the 
charge number of the target and v is the projectile-target 
relative velocity in the entrance channel. Iin{Ocm,C) is 
the classical orbital integral in the focal system of the 
hyperbolic orbit of the projectile [Tl| . 

Through our formalism, we can account for pure dipole 
(I = V = 1) and pure quadrupole {I = V = 2) transitions 
as well as mixed transitions {I = \ ,1' = 2 oy I = 2 ,1' = 1) 
or dipole-quadrupole interference. Also, it is possible to 
calculate very exclusive observables up to the level of the 
triple differential cross section. Previous calculations on 
the breakup of ®B were done by assuming that the angu- 
lar distribution of fragments is isotropic in the projectile 
rest frame |l3-n3| . This approximation gives 
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It should be noted that expression for similar triple 
differential cross section as in Eq.(7) was given by Baur 
and Weber in Ref. |^ , through which it is possible to ac- 
count for El and E2 contributions separately as well as 
their interference. However, in contrast to our work, the 
coupling scheme of angular momenta and spins followed 
by them does not allow the use of the more detailed cou- 
pling scheme adopted here. In fact, the coupling scheme 
in Ref. M is more restricted in the sense that the orbital 



(Pc 



d^rm.dEr. 



= VA^-T^piEcv)Aoo, (11) 



which is free from the El — E2 interference term, since 
Aqo (with L, M — 0) does not involve these terms. This 

is evident from the 3-i symbol f ' ^ , ^ r I occur- 

ring in Eq.(9), because for L = 0, Z and must be 
the same. Thus, any cross section obtained from the 
above triple differential cross section (Eq.(7)) by inte- 
gration with respect to the solid angle U,cv is free from 
El — E2 interference. This result is independent of the 
structure models of ^B. Therefore, the analyses presented 
in Refs. 0,|,|l|,|I|| are indeed free from the El - E2 in- 
terference effects. 



III. STRUCTURE MODEL 

The calculations of the reduced matrix elements in- 
volved in Eq.(9) require the detailed knowledge of ground 
state as well as continuum structure of *B, which is not 
yet known with certainty. In our calculations, we adopt 
the single particle potential model (SPPM) for '^B |||. It 
is to be noted that the matrix elements of the multipole 
operators enter directly into these calculations. There- 
fore, they are quite sensitive to the structure model of 
8B. 

Within the SPPM, the valence proton (with spin i) in 
®B (with spin-parity 2+) is assumed to move relative to 
an inert ^Be core (with intrinsic spin-parity 3/2~) in a 
Coulomb field and a Woods-Saxon plus spin-orbit poten- 
tial, with an adjustable depth Vi^(l{Lsc)I) for the initial 
and each final channel: 



V(r) - V^{l{Lsc)m - F..o.(KsO^;^)/(r), 

r or 



where 



/(r) = (l + exp((r-i?)/a))- 



(12) 



(13) 



Adjusting the depth allows one to reproduce the energy 
of the known states. We use a=0.52 fm, ro=1.25 fm and 
i?=2.391 fm HJ. The spin-orbit strength is set to F^.o. — 
0.351 fm 1^. The rms distance of the core-proton relative 
motion and the rms size of *B come out to be 4.24 fm 
and 2.64 fm respectively. 

The well depth for the ground state channel, 
VQ(J,i{LiSc)h) = Vo((p3/2, 3/2^)2+), was adjusted to re- 
produce the one-proton separation energy of 0.137 MeV. 
It came out to be —44.658 MeV). Similarly, the observed 
// = 1+ and 3+ resonances in *B are described as P3/2 
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waves coupled to the ground state of the core, and the 
weU depths for these channels, —42.14 and —36.80 MeV, 
respectively, have been adjusted to reproduce the known 
resonance energies (0.637 and 2.183 MeV respectively) 
I psf . A wave and the spin of the core can also couple 
to the total spin 0+. But we ignore this channel since it 
appears to be very weak in the low-lying excitation spec- 
trum of ^B. For all other partial waves (si/2jPi/2i '^3/2 
etc.) we choose identical well depths and set them equal 
to the value -42.14 MeV obtained for the (^3/3, 3/2-)l+ 
channel, as suggested by Robertson Q. 



IV. RESULTS AND DISCUSSIONS 

To check the accuracy of our formulation, we present 
in Fig. 1 a comparison of our calculations with the data 
10 for the triple differential cross sections for the reac- 
tion ^Li -I- Pb a + d + Pb at 156 MeV beam energy 
as a function of the relative energy between the alpha 
particle and the dcuteron for 9a ~ dd =3°. Only E2 
excitation contributes in this case. Since the multipole 
charge for the dipole case is zero for ^Li (Eq.(5)), the El 
contribution is zero. We have assumed ^Li to be a cluster 
of a particle and deuteron, for which the structure model 



Pb ( Li, ad) Pb (g.s.) at 156 MeV 





data the contributions from nuclear excitation effects are 
negligible as the freagments have been detected at very 
forward angles |l^ . 

In Fig. 2, we present the results of our calculations for 
the triple differential cross section (Eq.(7)) for Coulomb 
breakup of ^B on a Pb target at 46.5 MeV/nuclcon beam 
energy as a function of 6cm for relative energy Ecv = 0.2 
MeV and 9cv = 1° (top half) and as a function of Ecv for 
6cm = 3° and 9cv = 1° (bottom half). We see that the 
El — E2 interference (long dashed line) contribution is 
quite important in both cases. In fact, it is larger than 
the E2 contribution (dashed line) and modifies the co- 
herent sum (solid line) of El (dotted line) and E2 cross 
sections significantly. It may be noted that this type of 
triple differential cross sections have not yet been mea- 
sured for reactions involving unstable radioactive nuclei 
(e.g. «B). 
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FIG. 2. El (dotted line), E2 (dashed line) components 
together with the E1 — E2 interference (long dashed line) con- 
tribution in the triple differential cross section -ttt — jL"^ ,„ — 
for Coulomb breakup of *B on Pb at 46.5 MeV/nucleon beam 
energy as a function of 0cm for Ecv =0.2 MeV and 6cv — 1° 
(top half) and as a function of Ecv for dcm = 3° and 6cv ~ 1° 
(bottom half). The solid line in each case shows the coherent 
sum of El and E2 cross sections. 



FIG. 1. Triple differential cross section -r^; — .1 " ,„ for 

Coulomb breakup of ®Li on Pb at 156 MeV beam energy as 
a function of Ead for — 3° and dad = 0°. The data 

have been taken from fr^. Positive E^d implies velocity of 
a particle is larger than that of deuteron, while negative Ead 
corresponds to larger deuteron velocity than that of a particle. 

of Ref. Q has been used. We note that our calculations 
are in good agreement with the data. It may be noted 
that for the results presented in Ref. ^ for the same re- 
action, the structure part has been obtained from a con- 
stant astrophysical 5'-factor of 1.7xl0~^ MeV.mb, and 
not by using proper wave functions for the ground state 
and excited states of ^Li as has been done by us. In these 



However, the differential cross section has been 

measured as a function of 9cm in the dissociation of *B on 
Pb at beam energies --50 MeV/nucleon at RIKEN 
At larger scattering angles the cross sections are more 
sensitive to the E2 component. A detailed investigation 
of this reaction was carried out in Ref. ||l3|] by assuming 
the fragment emission to be isotropic in the projectile 
rest frame (Eq.(lO)). 

In Fig. 3, we present our calculations for the different 
components in the Coulomb breakup cross section for 
this reaction at the beam energy of 51.9 MeV/nucleon, 
by using our formalism (i.e. without making the ap- 
proximation of isotropic emission). For this observable 
the coherent sum (solid line) of El (dotted line) and E2 
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(dashed line) contributions is simply the sum of these two 
separate cross sections, as there is no contribution from 
the El — E2 interference component as discussed above 
(see Eq.(ll)). We note that the results presented in Fig. 
3 are the same as the pure Coulomb dissociation (with 



semiclassical theory) results presented in Ref. 20 1, which 
have been obtained with the isotropic emission assump- 
tion. These calculations, however, use a different struc- 
ture model for ®B, namely, the shell model embedded in 
the continuum. Therefore, the present calculations give 
credence to the calculations reported in Ref. . As dis- 
cussed earlier in Refs. the disagreement between 
the data and the calculations beyond 4° in this figure can 
be attributed to the point like projectile approximation 
of the semiclassical theory, which is no longer valid for 
larger angles. Inclusion of finite size effects in the calcu- 
lations leads to better agreement between data and the 
theoretical results . It should also be mentioned that 
the nuclear breakup effects are important only at larger 
angles (> 4°) in all the three energy bins | p^ , pl| . 

+ Pb at 51 .9 MeV/nucleon 
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FIG. 3. Calculated differential cross section e ^^ for 
Coulomb breakup of **B on Pb at 51.9 MeV/nucleon for three 
given relative energy bins as a function of 6cm,- The cross 
sections have been folded with experimental efficiency. The 
data, which are also folded with experimental efficiency, have 
been taken from ifel. 



The triple differential cross section — can 
be related to that of the individual fragments c and v 
^ dE dndn ) lUl- Since interference contributions are sig- 
nificant in an^^anLdE^. 
also be important in 



it is expected that they would 

dE^bn: in general. This is, in- 
deed, the case as can be seen in Fig. 4. In this figure, 
we have plotted dn dfi (^i^h c = ^ Be and v = p) as 
a function of 67^^ for Coulomb breakup of on ^^Ni at 
the beam energy of 25.8 MeV, for Ej^^ = 22.575 MeV 



(the beam velocity energy), 9p = 20° and (j>p = 0°. We 
see that the E1 — E2 interference term is quite significant 
and is even larger than that of the dipole component. 
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FIC. 4. El (dotted line), E2 (dashed line) components 
together with the El — E2 interference (long dashed line) con- 
tribution in the triple differential cross section — — 

for Coulomb breakup of on Ni at 25.8 MeV beam energy 
as a function of 6(7^, for £7^, = 22.575 MeV, 9^ = 20° and 
0p = 0°. The solid line shows the coherent sum of El and 
E2 cross sections. 

However, for less exclusive observables (like the angu- 
lar distribution of individual fragments) the interference 
term is not so strong. This can be seen in Fig. 5, where 
we show the ^Be angular distribution resulting from the 
Coulomb dissociation of ^B on a Ni target at 25.8 MeV. 
We note that the El — E2 interference (long dashed line) 
is small in magnitude compared to the dipole (dotted 
line) and quadrupolc (dashed line) breakup cross sec- 
tions, excepting at larger angles (around 75°) where it 
is comparable in magnitude to the El component. The 
interference component oscillates between positive and 
negative values which is also reflected in the coherent 
sum of the El and E2 cross sections (solid line). 



E1 

■ E2 

E1-E2 interference 
Coherent sum of E1 and E2 

*B + Ni ^ 'Be + X at 25.8 MeV 
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FIG. 5. El (dotted line), E2 (dashed line) components to- 
gether with the E1 — E2 interference (long dashed line) contri- 
bution in the ^Be angular distribution for Coulomb breakup 
of *B on Ni at 25.8 MeV beam energy. The solid line shows 
the coherent sum oi El and E2 cross sections. 

To understand why the interference is not large in the 
^Be angular distribution shown in Fig. 5, we have plot- 
ted in Fig. 6 the Op (top half, with typical value of 
= 10°) and 4>p (bottom half, with typical value of 9p = 
20°) variations of the interference term in the triple dif- 
ferential cross section shown in Fig. 4 for typical energy 
and angle of the ''Be fragment Ej^^ — 22.575 MeV and 
Ot^^ = 10° respectively. The variation patterns are os- 
cillatory and show positive and negative values of almost 
equal magnitudes. For some angles the cross sections 
are very small. Therefore, it is no surprise that integra- 
tions with respect to the polar and azimuthal angles of 
the proton will lead to cancellation and hence to small 
magnitudes of the interference term in the overall ^Be 
angular distribution. 
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FIG. 6. Op (top half, (t>p = 10°) and (t>p (bottom half. Op = 
20° ) variations in the El — E2 interference contribution in the 
triple differential cross section -tt^ — j^r- for Coulomb 

breakup of *B on Ni at 25.8 MeV beam energy for E-j^^ — 
22.575 MeV and 67 = 10°. 



beam energies 25 MeV). In any case, it is straightfor- 
ward to calculate the amplitudes for pure nuclear 
and Coulomb-nuclear interference terms for the dipole 
and quadrupole excitations as well as of their interfer- 
ence. 



V. SUMMARY AND CONCLUSIONS 

In summary, we have performed first order semiclassi- 
cal calculations of the electromagnetic excitation of ^B, 
where the electric dipole and quadrupole excitation com- 
ponents as well as their interference effects are included. 
The theory permits consideration of coupling of angular 
momenta and spins of the projectile fragments in detail. 
It is possible to calculate exclusive observables to the 
level of the triple differential cross section within this 
formalism. 

We find that the magnitude of the E1 — E2 interference 
term could be appreciable in the triple differential cross 
sections. However, observables which are not functions 
of the solid angle associated with the relative motion of 
the breakup fragments in the final channel, are free from 
this term. This result is independent of the structure 
models of ®B. We have also shown that for double dif- 
ferential cross sections involving angle of scattering of 
the projectile with respect to the target and energy of 
relative motion between the projectile fragments, the ap- 
proximation of the isotropic emission in the rest frame 
of the projectile is quite good. Therefore, analysis of the 
RIKEN data presented earlier using this approximation 
is quite accurate and this data, in the proper kinematical 
regime {9s g* <4° and Erse-p <500 keV) can be used to 
extract rather rehable astrophysical S-factor 517(0). 

The interference terms are also significant in the triple 
differential cross sections of the individual fragments. 
However, in the angular distribution of the individual 
fragments these terms are not significant. Therefore, the 
experimental data present in Ref. are almost free 
from the E\ — E2 interference terms. However, the ef- 
fects of the three body kinematics (not considered in the 
analysis of these data) may still be important. 



However, there is still a remaining question of the ef- 
fects of strong (nuclear) interaction between the collid- 
ing nuclei. They can be almost eliminated by choosing 
the proper kinematical conditions. For example, the ^B 
breakup data taken by the RIKEN collaboration 
have been shown [[l3| , pip^ to be almost free from the 
nuclear effects for ^ie-p relative energies < 0.75 MeV 
at very forward angles (< 4°). Similarly the data taken 
at GSI at higher beam energy of ^ 250 MeV/ A are 
also free from these effects (see e.g. [^). Therefore, 
the results presented in Fig. 2 are unlikely to be af- 
fected by nuclear excitation. However, these effects can 
be quite strong |l3| for the breakup studies at lower 
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